Abstract: Shiga-toxin producing E. coli (STEC) can cause serious illnesses, including hemorrhagic colitis and hemolytic uremic syndrome. This is the first systematic review of STEC in Brazil, and will report the main serogroups detected in animals, food products and foodborne diseases. Data were obtained from online databases accessed in January 2019. Papers were selected from each database using the Mesh term entries. Although no human disease outbreaks in Brazil related to STEC has been reported, the presence of several serogroups such as O157 and O111 has been verified in animals, food, and humans. Moreover, other serogroups monitored by international federal agencies and involved in outbreak cases worldwide were detected, and other unusual strains were involved in some isolated individual cases of foodborne disease, such as serotype O118:H16 and serogroup O165. The epidemiological data presented herein indicates the presence of several pathogenic serogroups, including O157:H7, O26, O103, and O111, which have been linked to disease outbreaks worldwide. As available data are concentrated in the Sao Paulo state and almost completely lacking in outlying regions, epidemiological monitoring in Brazil for STEC needs to be expanded and food safety standards for this pathogen should be aligned to that of the food safety standards of international bodies.
Introduction
Brazil is one of the largest producers and exporters of food in the world. Animal products, such as beef, poultry, pork, fish, and crops such as corn, soybeans, and rice represent Brazil's major exports [1] . However, it is a challenge to maintain both high production efficiency and control physical, chemical and microbiological contamination [2] . In addition, the production of different animals and crops may 
Results

Animals
Data on livestock were evaluated in 35 scientific articles, analyzing the presence of STEC through the collection of feces from healthy animals and those with diarrhea ( Table 1 ). The frequency of STEC was heterogeneous and determination of the presence of STEC in herds presents a challenge. STEC contamination rates in cattle ranged from 17.5% to 71.0%, and relevant serogroups O157:H7, O113:H21 and O111 were detected.
In calves, STEC prevalence rates ranged from 12.0% to 20.9%, and serogroups O26, O103 and O111 were detected. These serogroups are monitored in meat by control agencies, such as the EFSA (European Food Safety Authority) and USDA-FSIS (Food Safety and Inspection Service), which require their absence in meat products. In addition, STEC were isolated from 2.7% to 78.3% of sheep and O103:H2 was detected in sheep (Table 1) and has been associated with human disease cases in Brazil [18] . Other animals were also positive for STEC such as pigs (2.2%) and rabbits (5.1%). In chickens, a study evaluated 110 strains of avian pathogenic Escherichia coli (APEC) and noted that stx1 and stx2 were present in 30.9% of the strains, indicating possible dispersion of the stx genes between STEC and APEC. In addition, stx1 and stx2 were detected in 4.7% of poultry litter samples in the south of Brazil (Table 1) .
In other species that could possibly act as vectors, STEC rates were 0.7% to 20.4% in wild birds and 15% in stable flies (Stomoxys calcitrans). Prevalence rates in dogs ranged between 0 and 48%, but to date there are no reports of STEC in cats in Brazil. 
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Food
The Shiga toxin-producing contamination in food was evaluated in 23 scientific articles (Table 2) . In six studies, the presence of STEC in beef was assessed, with prevalence rates ranged from 0 to 27.5%, the serogroups O157 and the "big six" (O26, O45, O103, O111, O121, and O145) were not isolated. In milk, the presence of stx 1 and stx 2 in E. coli ranged from 0 to 31.1%, but isolates were not serotyped in these studies [52] [53] [54] . However, STEC were detected in 0 to 14% of cheese samples. In addition, the presence of O111, O55, and O157:H7, serogroups frequently linked to food-borne disease outbreaks worldwide [55] were also found in Brazilian cheese.
Contaminated water is increasingly linked to STEC outbreaks associated with fruits and vegetables in Europe [56] . Although STEC contamination is usually related to products of animal-origin, contamination of plant products occurs as a result of cross-contamination [57] . In Brazil, STEC prevalence rates in water ranged from 0.65 to 5.93% with only a single sample testing positive for O157:H7. Water can also be a source of contamination of plant products. For example, in a study with lettuce, 0.76% of samples were contaminated with O157:H7. 
Human
The presence of STEC contamination in humans was evaluated in 22 scientific articles (Table 3) . In five studies, STEC infection was reported in case reports or in samples collected from patients with hemolytic uremic syndrome, and was associated with O26:H11, O103:H2, O165, O157, O157:H7 and O104:H4 (enteroaggregative group with the acquisition of the stx gene). Through whole genome sequencing, the O104:H4 strain in Brazil was found to be similar to a strain isolated from an American citizen diagnosed with hemolytic uremic syndrome (HUS) who had traveled to Germany during the 2011 HUS outbreak [14] . Paraíba 580 children feces samples 0% 0% 0% [96] In other studies of diarrhea or healthy subjects, the serogroups predominantly detected were O26:H11, O103:H2, O111 Not typeable (NT), O118:H16, O165:NT and O157:H7 (Figure 2 ). 
Discussion
The most frequent serogroups described in peer-reviewed papers in samples collected in Brazil are represented in Figure 2 . As with studies in other countries, O157:H7 was the serotype most frequently linked to human cases and also had the highest occurrence rates in animal, food and humans in Brazil. However, due to the large-scale outbreaks related to this serotype in the USA in 1982 and 1993, much effort has been invested in methods to detect this specific serotype. It can be readily isolated as non-sorbitol fermenting colonies (the main O157 characteristic) and identified using PCR primers designed specifically for the O157 antigen or the flagellum H7. Consequently, a higher prevalence of O157:H7 in Brazil might also be related to its ease of detection.
Serogroup O111 was also reported in animals, food and humans and has been linked to clinical human cases in Brazil [13, 66, 77] and worldwide [55, 97] . O111 is one of six non-O157 serogroups classified by the USDA-FSIS (2013) as foodborne pathogens that should be monitored during meat production. Considering the serogroups listed by the USDA-FSIS, three: O157, O111, O26:H11 and O103:H2 have been associated with foodborne disease in Brazil (Figure 2 ). However, two other non-O157 strains, O165 and O118:H16 are not part of the USDA-FSIS "big six", but were linked to cases of diarrhea, hemolytic uremic syndrome or hemorrhagic colitis in Brazil.
Serogroup O165 has been reported in cases of hemolytic uremic syndrome in Japan [98] , and Germany [99] . This serotype has also been identified in cattle in the United States [100] . In addition, its genome has recently been made available on the GenBank/NCBI platform [101] for comparisons and genetic investigations, emphasizing the increasing importance of this serogroup in food production and human infection. Serotype O118:H16 has been linked to foodborne diseases in Germany [102] , the United States [103] , and its genome sequence was included in GenBank/NCBI in 2014 [104] . Detection of other new STEC in future cases of human disease is likely.
Studies evaluating different cattle feeds indicate that different diets may increase the acid resistance of Escherichia coli strains, enabling the bacteria to survive during passage through the human stomach [105] . Strain resistance due to diet may be responsible for the selection of some strains of STEC in Brazilian herds. In addition, a recent study by Acquaotta [106] identified a correlation between STEC infections and climatic differences in North America, where more cases of contamination were reported during warm periods as compared to cold periods. This result emphasizes the need for monitoring and control during food production as Brazil's tropical climate may increase the risk of STEC infections.
Foods showed the greatest diversity among serogroups, followed by animal sources (Figure 2 ). This diversity may be related to several factors, such as breeding and production heterogeneity, the Some of these serogroups were reported in animal and food studies in Brazil. For instance, the O111 and O157 serogroups were verified in all three groups. Our hypothesis is that the dispersion of the strains has contaminated all stages of the food chain (pre and post-processing). Moreover, the O103 strains in animals were linked to those found in humans. In contrast, stains O165 and O118:H16 were only detected in human clinical cases.
Serogroup O111 was also reported in animals, food and humans and has been linked to clinical human cases in Brazil [13, 66, 77] and worldwide [55, 97] . O111 is one of six non-O157 serogroups classified by the USDA-FSIS (2013) as foodborne pathogens that should be monitored during meat production. Considering the serogroups listed by the USDA-FSIS, three: O157, O111, O26:H11 and O103:H2 have been associated with foodborne disease in Brazil (Figure 2) . However, two other non-O157 strains, O165 and O118:H16 are not part of the USDA-FSIS "big six", but were linked to cases of diarrhea, hemolytic uremic syndrome or hemorrhagic colitis in Brazil.
Foods showed the greatest diversity among serogroups, followed by animal sources (Figure 2 ). This diversity may be related to several factors, such as breeding and production heterogeneity, the nature of the animal and food carrier, the innate (animal) or initial (food) microbial load and the applied methodology (antibiotic use for pre-enrichment, colony morphology and analyzed genes). Moreover, serogroups detected in humans display greater homogeneity, perhaps related to toxin subtypes (stx 2e ) or other genetic factors including virulence [107, 108] .
Studies were concentrated mainly in Brazil's most developed areas and especially in the state of Sao Paulo (Figure 3) , with the southern and southeastern regions accounting for 69% of the Brazilian population [6] . However, the majority of animal and grain-production occurs in central Brazil, which is responsible for 34.4% of animal and 42% of grain production [109] . Differences in the number of STEC studies directly reflect national development and demographics. Further studies in the central region would provide a better description of STEC present in livestock and food and would aid in obtaining a more accurate national picture of foodborne STEC risks. nature of the animal and food carrier, the innate (animal) or initial (food) microbial load and the applied methodology (antibiotic use for pre-enrichment, colony morphology and analyzed genes). Moreover, serogroups detected in humans display greater homogeneity, perhaps related to toxin subtypes (stx2e) or other genetic factors including virulence [107, 108] . Studies were concentrated mainly in Brazil's most developed areas and especially in the state of Sao Paulo (Figure 3) , with the southern and southeastern regions accounting for 69% of the Brazilian population [6] . However, the majority of animal and grain-production occurs in central Brazil, which is responsible for 34.4% of animal and 42% of grain production [109] . Differences in the number of STEC studies directly reflect national development and demographics. Further studies in the central region would provide a better description of STEC present in livestock and food and would aid in obtaining a more accurate national picture of foodborne STEC risks. Currently, the main legislation in force in Brazil concerning food production is Resolution 12 of 2001 [110] , which applies to coliforms in frozen or fresh meat. This resolution, however, does not call for STEC serogroup analyses in any food products. However, the Ministry of Livestock and Food Supply (MAPA) established an internal standard in 2013, requesting E. coli STEC tests for O157 and the "big six" non-O157 in beef destined for export [111] . However, any data about the frequency of STEC isolation has not been released.
The analysis procedure determined by MAPA is based on the methodology used by the USDA FSIS [112] , comprising molecular screening followed by cultivation on Rainbow™ agar O157 (Biolog Inc, Hayward, USA) and serology of the positive isolates. The use of this methodology assists in production control and monitoring of the main STEC, followed by subsequent implementation of measures to combat contamination. However, this measure is only for beef, and it is necessary to extend the standard to other food matrices as the present review demonstrated high STEC Currently, the main legislation in force in Brazil concerning food production is Resolution 12 of 2001 [110] , which applies to coliforms in frozen or fresh meat. This resolution, however, does not call for STEC serogroup analyses in any food products. However, the Ministry of Livestock and Food Supply (MAPA) established an internal standard in 2013, requesting E. coli STEC tests for O157 and the "big six" non-O157 in beef destined for export [111] . However, any data about the frequency of STEC isolation has not been released.
The analysis procedure determined by MAPA is based on the methodology used by the USDA FSIS [112] , comprising molecular screening followed by cultivation on Rainbow™ agar O157 (Biolog Inc, Hayward, USA) and serology of the positive isolates. The use of this methodology assists in production control and monitoring of the main STEC, followed by subsequent implementation of measures to combat contamination. However, this measure is only for beef, and it is necessary to extend the standard to other food matrices as the present review demonstrated high STEC contamination rates in milk and cheese, as well as water. The STEC causing infection and for which microbiological monitoring and control during production is required show some geographical variation and new STEC continually evolve. Instead of continuing to add new serogroups to a long list of food adulterants, microbiological monitoring could instead aim for the absence of strains that possess Shiga-toxin gene(s) in their genome.
Moreover, the improvement and cost reduction of molecular tools such as whole genomic sequencing (WGS), metagenomics, and others will facilitate the understanding of serotype epidemiology and the dispersion of these strains in neighboring countries and in other continents. Epigenetics advances will also improve the understanding of gene expression and the impact of good animal management practices, as well as possible genome mutations that may influence virulence and antimicrobial resistance profiles [113] .
Conclusions
The epidemiological data presented in this review indicate that O157:H7, O26, O103 and O111 strains, classified as foodborne pathogens and monitored by the USDA-FSIS (USA), U.S. FDA, EFSA (European Food Safety Authority -EU) and MAPA (Ministry of Agriculture, Livestock and Supply -Brazil), are currently circulating in different regions of Brazil. Although no STEC outbreak cases in Brazil have been reported, several animal, food and human studies have indicated the presence of STEC in Brazil and it has been related to several foodborne outbreaks around the world. Thus, improved epidemiological monitoring and food production control is necessary. Novel studies should be financed in regions presenting significant agricultural production, such as Brazil's central region in order to better assess potential threats and prevent human STEC infections.
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